UCDAVIS

UNIVERSITY OF CALIFORNIA

APPLICATIONS OF QUANTUM INFORMATION TO
QUANTUM GRAVITY, BLACK HOLES, & QFT

Mukund Rangamani
QMAP, DEPT OF PHYSICS & ASTRONOMY, UC DAVIS

THE ROLES OF QIS IN HEP
SNOWMASS COMMUNITY PLANNING MEETING

OCT 6, 2020



RUANTUM INFO IN FT: MOTIVATION
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% QFT: lingua franca of the high energy world built on principles of quantum
mechanics & relativistic invariance with amazing predictions and applications,

from SM of particle physics to inflationary cosmology.

% Formalism is not explicitly geared towards exploiting quantumness of
gquantum mechanics. Still information to be mined.

% Composite quantum mechanical systems exist in tensor product
superpositions, with combined unitary evolution of entire system, but not so

for any subpart. Subsystems evolve non-unitarily generically.

The best possible knowledge of a whole does not necessarily include the best possible knowledge of
all its parts, even though they may be entirely separate and therefore virtually capable of being
‘best possibly known’, i.e., of possessing, each of them, a representative of its own. The lack of
knowledge is by no means due to the interaction being insufficiently known at least not in the
way that it could possibly be known more completely it is due to the interaction itself.

E. Schridinger (1935)



RUANTUM INFO BEYOND QFT: MOTIVATION

% Lossy evolution of subparts characterized by information theoretic measures:
von Neumann (entanglement) entropies and suchlike.

% Pertains to all quantum systems but is most striking in applications to black
hole information problem.

% Notable developments of the past 3 decades:
* sub-extensive nature of von Neumann entropy
* the holographic nature of gravity
* AdS/CFT correspondence
* geometrization of entanglement measures in holography
* holographic map as a quantum error correcting code

* a semi-classical resolution of black hole information problem



ENTANGLEMENT AND GEOMETRY

% Quantum gravity in an asymptotically AdS spacetime is dual to a non-
gravitational quantum field theory. As complete quantum theories the two are

identical, and have isomorphic Hilbert spaces. p
X

% Holographic EE proposals relate entanglement
entropy of field theory to areas of extremal
surfaces in the geometry.

%Including quantum corrections, one finds a certain
optimization problem in the gravitation setting: the
quantum extremal surface prescription, optimizes a
gravitational entropy (which includes the area as
leading contribution).




HOLOGRAPHIC MAP AS ERROR CORRECTION

% How does one reconstruct gravitational data, i.e., recover geometry as we
know it?

% Semi-classical gravity Hilbert space is
smaller than the full quantum gravity Hilbert
space — this is embedded into the dual QFT
Hilbert space.

% The holographic encoding of geometry is

analogous to quantum error correcting
maps.

+Very well understood in tensor network models of holography (see Brian
Swingle’s talk).



TELEPORTATION AND WORMHOLE
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+Opens up exciting prospects for
understanding and constructing new
communication protocols in QFTs, which

is tantamount to building spatial ,

wormholes in gravity. M

% Starting with a suitably entangled state of QFTs one can set up a
teleportation protocol that geometrically constructs such wormholes in
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gravity.

% Ongoing efforts to understand the feasibility of constructing traversable
wormholes with Standard Model matter.

% Prospects for realizing such constructions in the lab using low dimensional
quantum mechanical avatars of holography (eg., SYK model).
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BLACK HOLE INFORMATION: REPLICA WORMHOLES

% Recovery of the Page curve from new semiclassical configurations is a
remarkable development.

% Specific configurations that lead to the answer however are exotic spacetime
(replica) wormholes, wherein different universes get connected through non-
trivial topology.

% Raises important questions about the nature of quantum gravity and
information:

% Dynamical process whereby the new geometries take over the real-time
evolution is yet to be fully understood (analogy with tunneling solutions).

% Suggests qualitative difference between tracing out and random
projections, which could be interesting to explore information theoretically.



EVOLUTION OF INFORMATION

% Classically black holes are efficient processors of information, giving striking
bounds on quantum information processing rates when translated to the dual
field theory.

% For example: bound on transport (shear viscosity/entropy density ratio)

Q> 1 h
s 4m kg

% More robust bound on growth of out-of-time-order observables which relates
to quantum chaotic dynamics:

<W(t7 ZC) V(07 O) W(t7 CB) V(Oa O)> ™~ CO T C11 eAL (t=ta) y )\L < 27 kB T



INFORMATION, UNITARITY, ANDP RQUANTUM BOUNDS

/_\ High energy (large boost)

limit of correlators

X

Chaos bound

Constraints on
renormalization

group flows



THE HEP-RIS WISHLIST

% Develop a Ql centric framework for QFT, with applications to quantum gravity

% Dynamics of information evolution in QFTs and its implications for quantum
gravity (eg., black hole information)

% Information in quantum gravity beyond semiclassical regime

% Understanding the origins of geometry: how does entanglement serve as
the glue that binds together bits of spacetime

% Optimizing information theoretic protocols for fast scrambling systems.
% Bounds on information: which quantum states are realizable?

% Lessons for open quantum systems...
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